The metabolism of millimolar concentrations of R-or S-1,3-butanediol has been studied in perfused livers from fed and starved rats. Protocols were designed to measure in the same experiment (i) uptake of the diol, (ii) the contribution of the diol to ketogenesis, (iii) the contribution of the diol to total fatty acid plus sterol synthesis, and (iv) conversion of S-1,3-butanediol into S-3-hydroxybutyrate. Our data show that R-and S-1,3-butanediol are taken up by the liver at the same rate. Most of the metabolism of R-1,3-butanediol is accounted for by conversion to the physiological ketone bodies R-3-hydroxybutyrate and acetoacetate. Only 29-38 % of S-1,3-butanediol uptake is accounted for by conversion into physiological ketone bodies. The balance of S-1,3-butanediol metabolism is conversion to S-3-hydroxybutyrate, lipids and CO2.
INTRODUCTION
RS-1,3-Butanediol has been investigated as a carbon source for animal [1] [2] [3] [4] [5] [6] and human [7, 8] nutrition. It has also been proposed as a therapeutic agent for the ethanol withdrawal syndrome [9] . The S-(but not the R-) enantiomer, when added to the diet of alloxan-diabetic rats, appears to normalize blood glucose [10] . This raises the possibility of using S-1,3-butanediol as part of the nutritional therapy of diabetes.
RS-1,3-Butanediol is oxidized in the liver to RS-3-hydroxybutyrate (RS-BHB) by alcohol and aldehyde dehydrogenase. R-BHB (note that the physiological enantiomer R-BHB is designated as D-BHB in the recent clinical literature. In early publications [11, 12] and in the Merck Index, it is called L-BHB) is a physiological ketone body which is in oxidoreduction equilibrium with acetoacetate (AcAc) via R-BHB dehydrogenase. S-BHB is not a natural compound [13] . We have shown [14] that S-BHB is metabolized in the liver via mitochondrial activation to S-BHB-CoA, one of the final intermediates of fatty acid fl-oxidation. The subsequent fate of S-BHB in the liver is incorporation into physiological ketone bodies (R-BHB + AcAc), lipids and CO2.
The goal of the present study was to characterize the metabolism of the two 1,3-butanediol enantiomers in the liver, the site of the initial steps of their metabolism.
MATERIALS AND METHODS Chemicals
Enzymes and coenzymes were purchased from BoehringerMannheim Canada Ltd. (Dorval, Quebec, Canada). Sodium RS-BHB, LiAlH4, NaBH4 and quinine base were The purity of all 13C-labelled tracers was confirmed as described previously [15] . N-Methyl-N-(t-butyldimethylsilyl)trifluoroacetamide was obtained from Regis Chemical Company (Morton Grove, IL, U.S.A.).
By enzymic assay with R-BHB dehydrogenase, we tested the R-and S-BHB sold by Aldrich as 98 % optically pure. We found for each compound 10% contamination with the opposite enantiomer. Since R-and S-1,3-butanediol are probably synthesized from R-and S-BHB or from precursors of these, we suspected similar cross-contamination of the 1,3-butanediol enantiomers. Thus we prepared the unlabelled and 14C-labelled R-and S-BHB used for synthesis of millimolar quantities of 
Animals
Male Sprague-Dawley rats (Charles River) were kept at 22-24°C and fed on Charles River Laboratory chow from 07:00 to 10: 00 h. The animals were used during the third week of the feeding schedule, when they were in the weight range 210-280 g. Experiments were started between 10:00 and 11:00 h. This period corresponds to the maximum rate of fatty acid and sterol synthesis under these conditions of feeding [22] . Rats designated as 'starved' received their last meal 48 h before the experiment.
Liver perfusions
Livers were perfused [23] 
Analytical procedures
Samples of perfusate were assayed for concentrations [24, 25] and specific radioactivity (SA) [18] of R-BHB and AcAc. AcAc isolated by column chromatography [18] was degraded [26] to acetone (from C-2 to C-4 of AcAc) and CO2 (C-1 of AcAc), which were trapped in hydrazine-lactate and NaOH respectively before counting of radioactivity in Hionic-Fluor. Recovery standards of [3- '4C]AcAc, [2-'4C]acetone and NaH14CO3 were run in parallel with the samples.
Other samples (1 ml) of perfusate were treated with 50 ,ul of 1 M-NaB2H4/0. 1 M-NaOH to reduce AcAc and [3,4-'3C2] AcAc to the corresponding deuteriated BHB species [15] . The MPE of perfusate AcAc and R-BHB and the concentration of 1,3-butanediol were measured [15, 20] by g.c.-m.s.
4CO2 production
At the end of the experiment, 14CO2 from the sealed gas phase was trapped by adding 0.3 ml of 10 M-NaOH to the recirculating perfusate [23] . Samples ofalkaline perfusate (10 ml) were adjusted to 50 mM-NaBH4 before acidification, to 
propan-2-ol or 3H20, the trapping solution was diluted with 1 ml of a solution containing 10 mm-1,3-butanediol, 10 mM-propan-2-ol and 25 mM-NaOH. Then, 0.2 ml of barium acetate (1.5 M) was added to precipitate 14CO2 as barium carbonate. The precipitate was washed three times with 0.5 ml of 10 mM-1,3-butanediol, 10 mM-propan-2-ol and 1.0 M-barium acetate. 14CO2 was evolved again by acidification and trapped in 0.35 ml of NaOH (3 M) before counting radioactivity in Hionic-Fluor. Recovery standards of NaH14CO3 were run in parallel with the samples.
The total rates of fatty acid and 3fi-hydroxysterol synthesis in the liver and the contribution of [3-'4C]1,3-butanediol to lipogenesis were calculated from the incorporation of 3H and 14C respectively [18] . The sterols were recrystallized following hydrolysis of the digitonide [27] . THEORY Mass spectrometric data Areas under each fragmentogram were determined by computer integration and were corrected for naturally occurring heavy isotopes and light isotopic impurities as described previously [15] . The corrected area for each isotopomer of BHB is designated as a., where n corresponds to the m/z ratio of the ion In perfusions with S-1,3-butanediol, the area at m/z 275 includes signals from both S-BHB and unlabelled R-BHB. The component of the area at m/z 275 corresponding to unlabelled R-BHB (aRBHB) was calculated using the ratio [ The rate of ketogenesis, K (,umol/min), is calculated from the linear plot of 1/TMPE versus time (t):
1 /TMPE = (1 + Kt/Mo)/TMPEO (6) where MO is the pool size (,umol) of R-BHB + AcAc, and TMPEo is the total MPE of this pool, both extrapolated to just after addition of the tracer. Eqn. (6) is similar to that developed for measuring ketogenesis with radioactive tracers [18] . In some experiments, 1 /TMPE was not linear throughout the experiment. In this case ketogenesis was calculated by summation of rates calculated during the intervals between sampling times.
Cumulative ketone body accumulation, expressed in ,umol/90 min per g dry weight, was calculated as:
Ketone body accumulation = (umol of R-BHB + AcAc),-120 min -(,umol of R-BHB + AcAc), 30omin (7) The absolute contribution of 1,3-butanediol metabolism to total ketogenesis, expressed as a percentage, was calculated from the '4C labelling of perfusate R-BHB and AcAc as:
RESULTS AND DISCUSSION
The cumulative R-and S-1,3-butanediol uptakes ( Table 1) that R-and S-1,3-butanediol are taken up at identical rates by perfused livers from fed and starved rats. Thus differences in the metabolism or metabolic effects of R-and S-1,3-butanediol must be ascribed to events occurring after their oxidation to R-or S-BHB.
Ketogenesis was measured by isotope dilution and substrate balance. Fig. 1(a) shows the profile of equilibration of the MPEs of R-BHB and AcAc, following the addition of [3,4-13C2] AcAc to the perfusate. Total ketogenesis was calculated (eqn. 6) from the dilution of the MPE of the ketone body pool. As previously shown with 14C tracers [18] , the inverse of the MPE of the total ketone body pool increases linearly with time ( Fig. lb) , with a slope proportional to the rate of ketogenesis.
In livers from fed rats, ketogenesis was increased 9-and 3. The production of acetone was calculated using the first-order kinetic constant of AcAc decarboxylation (KdC) determined previously in perfused rat liver [23] . KdC (expressed in min-') has two components, one for the perfusate and one for the liver: K = 0.0015 + 0.00067 x liver wet wt. (g) (9) For each time interval At between samples, the production of acetone was calculated by: Production = KdC x [AcAc]IA x perfusate volume (10) where [AcAc] ,, is the calculated AcAc concentration in the middle of the At interval. The cumulative acetone production was calculated by summation of production in sequential intervals.
The incorporation of R-or S-[3-14C]1,3-butanediol into acetone during each time interval, At, was calculated as: Incorporation (Table 2 ). However, in livers from starved rats, ketone body production was increased 3.5-and 1.5-fold by R-1,3-butanediol and S-1,3-butanediol, respectively. Accumulation of R-BHB + AcAc accounted for 76-96 % of ketone body production. We have shown that the difference between total ketogenesis and ketone body accumulation is accounted for by (i) conversion of AcAc to acetone [23] , and (ii) incorporation of AcAc into fatty acids, sterols and CO2 [18] .
After addition of R-1,3-butanediol to the perfusate, total ketogenesis (measured by isotopic dilution) amounted to 80-102 % of R-1,3-butanediol uptake (compare rows 1 of Tables 1  and 2 ). In contrast, in the presence of S-1,3-butanediol, total ketogenesis amounted to only 29-38 % of S-1,3-butanediol uptake. This is consistent with the accumulation of the unnatural enantiomer S-BHB. The total production of (i) physiological ketone bodies (R-BHB + AcAc), and (ii) S-BHB (rows 2 During experiments with S-[3-'4C] 1,3-butanediol, AcAc became labelled in C-1. Thus a fraction of 14CO2 production arose from AcAc decarboxylation. During each At, 14CO2 production from AcAc decarboxylation was calculated as: Table 1 ) accounted for 73-78 % of S-1,3-butanediol uptake (row 1 of Table 1 ).
When livers were perfused with R-or S-[3-14C]1,3-butanediol, (14CO2 production from AcAc)A, = (total acetone production),, x (average SA of C-I of AcAc)A,, (12) The cumulative percentage contribution of AcAc decarboxyl-AcAc became progressively labelled (Fig. 2) ; labelling of R-BHB ation to 14C02 production was: followed the same pattern (results not shown). In the case of Contribution (%) =-(14CO2 production from AcAc)A, x 100 Total 14CO2 production (13) Vol. 285 and 98 % of total ketogenesis in livers from starved and fed rats respectively (Table 2) , and S-[3-14C]1,3-butanediol contributed 47 % and 75 % of total ketogenesis in livers from starved and fed rats respectively. The lower contributions of the diols to ketone body production in livers from starved rats are probably the result of endogenous ketogenesis.
AcAc isolated from the perfusate at each time point was degraded [26] to acetone (C-2 to C-4 of AcAc) and CO2 (C-1 of AcAc). In livers perfused with R-[3-14C]1,3-butanediol, less than 1 % of the label was found on C-I of AcAc. In livers perfused with S-[3-14C]1,3-butanediol, however, C-1 of AcAc carried In livers from fed rats, R-1,3-butanediol did not affect fatty acid or sterol synthesis ( R-and S-i1,3-butanediol metabolism in liver Table 3 . Lipogenesis from R-and S-1,3-butanediol Livers were perfused with 'H20 in the presence of 5 mm (fed rats) or 7.5 mM (starved rats) of R-or S-l,3-[3-14CJbutanediol. All rates are expressed as #smol of acetyl incorporated/90 min per g dry wt. (means + S.E.M.). Total rates of fatty acid and sterol synthesis (in ,umol of acetyl) were obtained by multiplying the ,smol of 3H incorporated by 1.15 in the case of fatty acids [28] and by 1.31 in the case of sterols [291. *Differs from controls (P < 0.05 using a two-sided t test); tdiffers from corresponding parameter for R-1,3-butanediol (P < 0.05 using a two-sided t test); tdiffers from corresponding parameter for fatty acid synthesis (P < 0.05 using a two-sided t test). 
